The outer sheath carrying a polygonal array was isolated from an oral treponeme, Treponema sp. strain E-21, by disruption of cells by means of repeated freeze-thawing and by removal of flagella under acidic conditions followed by linear sucrose density gradient centrifugation. Electron microscopy revealed that the outer sheath was isolated as a triple-layered vesicle having a polygonal array, free of flagella and wall membrane complex. Using optical diffrction, negatively stained preparations of the outer sheath fiagments showed that the polygonal array appeared to be composed of a hexagonal pattern with a predominant spacing of about 16.3 nm. The isolated outer sheath contained 49.7% protein, 30.8% total lipid, and 11.0% carbohydrate. Phospholipid comprised about 95% of the total lipid. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis revealed that the outer sheath was composed primarily of one major protein with an apparent molecular weight of about 62,000. The material from the isolated outer sheath solubilized with 1% sodium deoxycholate was reassembled into vesicles having a roughly polygonal array upon removal of the detergent by dialysis against 10 mM Tris-hydrochloride buffer with or without Mg2+.
The outer sheath carrying a polygonal array was isolated from an oral treponeme, Treponema sp. strain E-21, by disruption of cells by means of repeated freeze-thawing and by removal of flagella under acidic conditions followed by linear sucrose density gradient centrifugation. Electron microscopy revealed that the outer sheath was isolated as a triple-layered vesicle having a polygonal array, free of flagella and wall membrane complex. Using optical diffrction, negatively stained preparations of the outer sheath fiagments showed that the polygonal array appeared to be composed of a hexagonal pattern with a predominant spacing of about 16 .3 nm. The isolated outer sheath contained 49.7% protein, 30.8% total lipid, and 11.0% carbohydrate. Phospholipid comprised about 95% of the total lipid. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis revealed that the outer sheath was composed primarily of one major protein with an apparent molecular weight of about 62,000. The material from the isolated outer sheath solubilized with 1% sodium deoxycholate was reassembled into vesicles having a roughly polygonal array upon removal of the detergent by dialysis against 10 mM Tris-hydrochloride buffer with or without Mg2+.
Spirochetes possess an outer sheath which surrounds the coiled protoplasmic cylinder and flagella (axial filaments) (6, 12) . Adequate information concerning the ultrastructural organzation, as well as the chemical composition and physicochemical nature, is meager for an accurate assessment of its function. Johnson and his colleagues isolated the outer sheath from some species of Leptospira (2) , Treponema (13, 32) , and Borrelia (17) by using the procedure involving solubilization of the outer sheath with low concentrations of sodium dodecyl sulfate (SDS). The outer sheath was also isolated and purified from Leptospira interrogans by exposure to osmotic shock in a hypotonic buffer followed by subsequent centrifugation in KBr and CsCl density gradients (36) .
In some species of Spirochaeta and Treponema, the outer sheath consists of a morphologically complex layer of polygonally arranged subunits (6) . The presence of a polygonal array in the outer sheath was also revealed in several cultivable treponemes by Hovind-Hougen (7-9). However, the chemistry and morphological organization of the polygonally arranged subunits and the specific interaction between the subunits and the other components of the outer sheath are unknown. Treponema sp. strain E-21, isolated from a human oral cavity with pyorrhea (29) , has been found to possess an outer sheath carrying a reticular structure (33) . In this paper, we describe a procedure for the isolation of the outer sheath from an oral treponeme. Morphological and chemical properties, as well as reassembly of the isolated outer sheath, are also presented.
MATERIALS AND METHODS
Orpnim and growth. Treponema sp. strain E-21, which was isolated from the oral pus of a patient with pyorrhea (29) and kindly supplied by T. Watanabe (Department of Bacteriology, Nippon Dental College, Tokyo), was used for this study. Cells were grown anaerobically in Kawata's thioglycolate medium (14) for 5 days at 37C as described previously (21 Ibaraki, Japan), as reported previously (22) .
RESULTS
General morphoogy of Treponema sp. srain E-21. The ultrastructure of exponentially growing cells of Treponema sp. strain E-21 was examined by using thin sectioning and negative staining. In thin sections, a triple-layered outer sheath of about 10 to 11 nm in thickness loosely covered the wall membrane complex surrounding the protoplasmic cylinder (Fig. 1A) . Two to four flagella were seen in the space between the outer sheath and the wall membrane complex in cross sections of the cells. Figure lB shows a portion of a negatively stained whole cell in which flagella entwine around a coiled protoplasmic cylinder and the outer sheath has a regular pattern. hexagonal array having a predominant periodicity of about 16.3 nm. The one set of reflections is stronger than the other. This may be due to better contrast on the side of the outer sheath vesicle in contact with the specimen grid, as described by Finch and Klug (5). The complicated array seen in Fig. 2 was considered to be a moird pattern resulting from the superimposition of two layers of the hexagonal array.
isolation of the outer sheath. Since specific marker enzymes or components used for estimating the purity of outer sheath preparations were unknown, the presence of the hexagonal array was examined as a criterion for homogeneity of the isolated outer sheath preparation by electron microscopy, using negative staining.
When the cell suspension of Treponema sp. strain E-21 was repeatedly frozen and thawed, almost all of the cells were disrupted. The crude outer sheath preparation obtained from the disrupted cell suspension by differential centrifugation was mainly composed of vesicles carrying the regular array, but contained small amounts of vesicles lacking the regular array and a few flagella (Fig. 3) . Optical diffraction of the vesicles carrying the regular array gave obscure diffraction spots, probably due to distortion or disarrangement of the arra resulting from vesiculation of the outer sheath (data not shown). The contaminating flagella were seen as free, as well as trapped within the vesicles. Since bacterial flagella are known to be dissociated into flagellin J. BACTERIOL. by exposure to low pH environments (10), the crude outer sheath preparation was treated with 0.1 M sodium acetate-hydrochloride buffer (pH 3.0) with gentle shaking for 2 h. The flagella contaminating the crude preparation were solubilized completely by this acidic treatment; however, no morphological changes appeared to occur in the outer sheath vesicles by the acidic treatment. After the acidic treatment, the crude outer sheath preparation was subjected to linear sucrose density gradient centrifugation. The centrifugation resulted in the formation of one major and two minor protein bands (Fig. 4) . The major band that formed around the middle position of the gradient consisted of vesicles of various sizes carrying the regular array in negatively stained preparations (Fig. 5A) . The two minor bands that formed at upper positions of the gradient were composed of mixtures of vesicles with or without the regular array and small amorphous materials that probably originated from the cytoplasm. In thin sections the isolated outer sheath preparation collected from the major band was observed to be composed of closed vesicles showing the same triple-layered structure of the outer sheath as seen in intact cells (Fig. 5B) .
Chemical composition of the isolated outer sheath. SDS-PAGE of the outer sheath. SDS-PAGE revealed that the isolated outer sheath preparation had one major protein band at a position of a molecular weight of about 62,000 (Fig. 6) . In addition, a few very faintly stained protein bands were seen. All of the proteins were not stained with periodate-Schiff reagent, although a broad periodate-Schiff-positive band with an apparent molecular weight ranging from 16,000 to 19,000, possibly representing a polysaccharide moiety, was detected (data not shown).
Reassembly of the outer sheath. The isolated outer sheath was readily solubilized by treatment with 1% DOC in 10 mM Tris-hydrochloride buffer (pH 8.0). When the solubilized material was dialyzed against the dialysis buffer containing 2 mM MgCl2, closed vesicles of various sizes were reassembled and, occasionally, hemispherical vesicles with open ends were also reformed (Fig. 7A ). These reassembled vesicles had an electron-transparent thick brim of 10 to 40 nm in width. In addition, some vesicles possessed a roughly polygonal array. After dialysis in the absence of MgCl2, the roughly polygonal array was also formed in the reassembled membranous products, which appeared to be thin sheets rather than vesicles reformed in the presence of MgCl2. Protein patterns upon SDS-PAGE of the reassembled vesicles in the presence or absence of MgCl2 are shown in Fig. 6 . All of the protein species seen in the isolated outer sheath preparation were revealed to be incorporated into both reassembled vesicles, either in the presence or absence of MgC92. In addition, the proportion of the protein species in both reassembled outer sheaths seems to be the same as that in the original outer sheath. From these results, the roughly polygonal array formed in the reassembled vesicles seems to be derived from the hexagonal array seen in the original outer sheath.
DISCUSSION
In the present study, a polygonal structure in the outer sheath of Treponema sp. strain E-21 was shown to be composed of a hexagonal array with a predominant periodicity of about 16.3 nm by optical diffraction analysis. The outer sheath was demonstrated to be a triple-layered structure in thin sections of whole cells, as well as of the isolated preparation. In gram-negative bacteria, regular arrays have usually been demonstrated as an additional layer adjacent to the outer membrane (28, 30) . However, such an additional layer could not be observed in contact with the outer sheath of the oral treponeme. Thus, the hexagonal array of Treponema sp. strain E-21 seems to be present within outer or inner leaflets or both of the triple-layered outer sheath in a mode similar to the construction of the hexagonally packed matrix protein in the outer membrane of Escherichia coli (27) .
The outer sheath was isolated from Treponema sp. strain E-21 by a newly developed meth- (17) and L. interrogans serovar pomona (36) . Most of the total lipid in the outer sheath of Treponema sp. strain E-21 was phospholipid. A similar lipid composition was shown in L. interrogans serovar pomona (36) . On the other hand, in T. phagedenis Kazan 5 an extremely low content of the total lipid was found in the outer sheath preparation, which was isolated by solubilization with SDS and reaggregated by dialysis against 20 mM MgCl2 (32) . This reaggregated outer sheath material was seen to be amorphous but not membranous in appearance (13) . Furthermore, there are considerable differences in the carbohydrate contents of the outer sheath preparations among the spirochetes. The differences in the gross chemical compositions of the outer sheaths are probably due to different isolation procedures and spirochetal species or culture conditions.
The outer sheath isolated from Treponema sp. strain E-21 contained about 50% protein, which was mainly composed of a protein with a molecular weight of about 62,000. The analogy of the spirochetal outer sheath to the outer membrane of other gram-negative bacteria has been suggested on the basis of morphological similarities a b c between their surface layers in sectioned cells (11, 36) . The outer membrane has major protein species with molecular weights ranging from 30,000 to 40,000 (24) . On the other hand, the present study revealed that no major protein species with such relatively low molecular weights were found in the outer sheath preparation from Treponema sp. strain E-21. From these findings, the spirochetal outer sheath seems to differ from the outer membrane of other gram-negative bacteria.
The outer sheath preparations solubilized with SDS at low concentrations from whole cells of L. interrogans serovar canicola (2), B. hermsi (17) , and T. phagedenis Kazan 5 (13) were reassembled into vesicles by dialysis against distilled water in the absence of Mg2+. The reassembled outer sheaths from these spirochetes were composed of closed vesicles, hemispherical vesicles with open ends, and flat sheets. We also found here that the DOC-solubilized material of the outer sheath isolated from Treponema sp. strain E-21 could be reassembled into membranous flat sheets upon dialysis in the absence of MgCl2 and that the protein species incorporated into the reassembled membranes were in essentially the same proportion as observed in the isolated outer sheath. On the other hand, Mg2+ was shown to be essential for reassembly of the outer membrane of E. coli; when the DOC-solubilized outer membrane was dialyzed in the absence of Mg2+, the dialysate was revealed to be composed of small rods and spheres by electron microscopy (23) . We previously found that the SDS-solubilized cytoplasmic and mesosomal membranes of Clostridium botulinum type A could not be reassembled into membranes by dialysis in the absence of MgCI2 and that only small rodlets were seen in negatively stained preparations of the dialysate (15) . Therefore, the present results suggest that the outer sheath of spirochetes differs, in the mode of organization of the components, especially in the involvement of divalent cations, from outer and cytoplasmic membranes of other bacteria. Further studies are in progress on the reassembly of the outer sheath of the oral treponeme.
